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I like to make design and 3D print 
But it is not as easy as you think to 3D print 
There are issues always with the 3D print 
I design detection devices and pumps and 3D print 
Some of them work and some not which I 3D print 
I am not sure, it was a good idea or not, to 3D print 
But still I like to 3D print 
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In the past few decades, significant advancement has been made towards the development 
of automated microfluidic platforms because of their unique advantages such as integration 
of different functions, minimum consumption of samples/reagents, low cost, and quick 
sample analysis. Various components of an instrument e.g. detectors, flow cell, pumps etc., 
are usually customised in order to improve instrument performance in terms of analysis time, 
liquid sample and reagents consumption, and reliability through automation. 3D printing, a 
rapidly growing manufacturing technique, is an attractive alternative to traditional 
manufacturing techniques (e.g. subtractive manufacturing) because of its ability to print 
almost any structure on demand with minimal time and cost. The focus of this study was to 
fabricate and characterise key components of the microfluidic systems including detectors, 
flow cell, and pumps, and potentially integrate them to produce automated analytical 
instrument for application in microfluidics.  
First, this study explored the potential of a commonly available low cost FDM 3D printer to 
manufacture a photometric detector body consisting of integrated slit and hollow structures, 
to position a LED and photodiode, on either side of capillary tubing (Chapter 2). The spatial 
orientation for printing was investigated to facilitate the printing of a narrow size slit suitable 
for capillaries and tubing (i.d. 50 µm to 10 mm). A slit of 70 µm was printed when the slit was 
positioned in the XY plane in parallel with the print direction. The detection body with 
integrated slit showed satisfactory performance for both large diameter tubing and narrow 
capillaries. The performance of the 3D printed housing with a 70 m slit was compared with 
a commercial CE interface for the CE separation of Zn2+ and Cu2+ complexes with PAR.  
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The second aim of this study was to develop a flow cell with an integrated channel to avoid 
the need for external capillaries and tubing. Chapter 3 describes the use of multi-material 3D 
printing technology for the fabrication of a complex photometric detector flow cell with 
integrated channel and slit. Multi material 3D printing allowed the fabrication of detection 
window using transparent material, and channel and flow cell body using an opaque material, 
all printed in one piece. The flow-cell was optimised by varying the design features including 
slit dimension and optical path-length. The performance of the printed flow cell devices was 
characterised with a standard dye solution by determining the stray light %, effective path-
length and the signal to noise ratio.  A device consisting of 500 µm slit with 10 mm optical 
path-length showed best performance. 
Third, the use of multi-material FDM 3D printing to manufacture an electroosmotic pump 
(EOP) with multiple functionalities was investigated as fluid pumping is a key feature of a 
microfluidic system and usually requires a micro pump manipulate liquid flow at a smaller 
scale (≤ 1 mm). Chapter 4 presents the first use of this technology for the fabrication of an 
EOP with integrated electrodes in a single piece.  The key component of the EOP is a multiple 
channel (mesh) and integrated 3D printed electrodes.  The novel design feature, mesh was 
used to create the first asymmetrical surface-area EOP. The EOP was printed by using a non-
conductive Acrylonitrile butadiene styrene (ABS) and a conducting ABS material was used for 
printing of the three electrodes around the pumping channel.  These three electrodes were 
printed to provide an electrode for applying the voltage and two electrodes to ground the 
liquid within the EOP by decoupling the electric field in the pump channels from the other 
parts of the device.  The newly developed EOP was characterised by calculating current, flow 
rate and pressure at various voltages ranging from 0.1- 0.5 kV. The satisfactory performance 
of the 3D printed EOP showed the potential of multi-material 3D printing as an alternative 
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approach for the fabrication of low-cost microfluidic pumping devices. Repeatability and 
accuracy of the fabrication method is critical for the manufacturing of reliable devices and 
instruments. Chapter 5 describes the repeatability and accuracy experiments conducted to 
investigate the repeatability and accuracy of the printing method for the manufacturing of 
newly developed devices presented in this thesis. 
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 Chapter 1 Introduction and Literature Review 
1.1. 3D printing 
3D printing, also known as additive manufacturing, has become increasingly popular in the 
past few decades as a versatile and inexpensive technology [1-4]. 3D printing is expanding 
immensely in more or less all fields of science and technology [5, 6]. It has applications in 
medical science to engineering, chemical science to forensic science, fashion industry to food 
industry [1-4, 7-21], and now it comes to the point that it can replicate itself as well [22, 23].  
The remarkable thing about 3D printers is that a 3d printer can be purchased for less than 
$500 and can be used for variety of materials in 3D printing from plastic to metals [24].   
In 3D printing the digital designs are transformed into physical models by printing layer 
by layer until the whole object is completed [25-27]. For 3D printing, complex three 
dimensional objects are designed by freely available computer aided design (CAD) 
drawing software, converted to STL files by slicing software like “Kissslicer” freely 
available at www.kisslicer.com,  and are printed layer-by-layer until the whole object 
is fully printed [28-30]. 
3D printing allows fabrication of the prototype or design on demand and it can be 
shared on the internet or as a part of a research publication to share the technology 
between the researchers in a reproducible manner [30-32].  The ability to print designs 
on demand has made this technique highly suitable for fabrication of detection and 
reaction devices with complex features [33-40]. 3D printing is becoming increasingly 
popular in all areas of research due to low cost, quick fabrication, and a wide range of 
available materials, and simplicity of fabrication advantages [41-43].  The following 
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sections describe the most common methods of additive manufacturing and their 
working principle.  
1.1.1. Stereolithography 
Stereolithography (SLA or SL) is one of the oldest and most commonly used printing 
approaches. Typical SLA based printers utilize a computer controlled focused laser 
beam for the polymerisation of each resin layer until the whole object is fabricated 
[44-48].  A typical SLA set-up consists of a vat, moving platform, light source and a 
Fig.1.1. Schematic diagram of bath configuration of SLA printing (fig. taken from 
the reference) [7] 
21 
 
photopolymerisable resin (Fig.1.1). Free surface also known as bath configuration and 
constrained surface configurations are generally used to describe the print 
orientations in SLA. In free surface configuration, the platform stage descends into the 
reservoir containing the resin while each layer is polymerised at the surface of the 
photocurable resin with the help of a light source, usually a UV laser [7, 48-64]. A major 
obstacle to free radical polymerisation of photocurable resins is oxygen inhibition 
resulting in delays and reduced resolution. However, efforts to control oxygen 
inhibition through continuous liquid interface production, in which an oxygen 
permeable window (thickness maintained at the order of tens of micrometres) is 
created to generate a dead zone resulting in inhibition of photopolymerization 
between the window and the cured part, resulting in reduced printing time and 
improved resolution. The other limitation of this configuration is that the product 
height is limited by the height of the resin reservoir. Contrary to this in constrained 
surface configuration the printing stage is reversed to facilitate polymerisation at the 
bottom of the resin vat which is separated from the UV source through a transparent 
window. The build stage rises slightly after polymerization of each layer and the 
resulting void is filled by the resin and the polymerisation process continues. The 
advantages of the constrained configuration include minimum resin consumption, fast 
curing time and the building platform does not restrict the height of the final product. 
Although SLA based printers can provide high resolution (<25 µm) there is only limited 
number of commercially available printable materials which restrict the use of this 
technique for certain applications. For example, printing of detectors and detection 
devices, particularly a photometric detector, requires an opaque material and 
electronic devices which require conducting material are difficult to achieve using this 
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approach. A multi-material stereolithography (MMSL) system containing four resins 
has been developed[65]. This system provides the opportunity to print using multiple 
material allowing the integration of components or structures of variable functionality 
in to a single object. However, they are expensive and time consuming in terms of 
moving the printed body between the various resins making this technique less 
suitable.  
1.1.2. Inkjet Printing  
The working principle of Inkjet printing is similar to the classic inkjet office printers in 
which a jet is used to propel tiny droplets of ink on to the surface of a paper. However, 
in the inkjet 3D printer, thermoplastic and wax materials are used instead of ink. 
Typical inkjet printer consists of two reservoirs, containing the build material in one 
and support material in other [66-84]. The materials are propelled in the form of tiny 
droplets from the print head, moving in x-y plane to form printing structure layer-by-
layer. The deposited materials solidify instantly because of cooling for thermoplastic 
materials or UV radiation in case of photo-curable resins. After printing of each layer, 
a milling roller moves across the surface to smoothly finish each layer.  Fig.1.2 shows a 
typical inkjet printer employing thermoplastic print material. Although inkjet 3D 
printers provide excellent surface finish and high resolution, their use is limited by the 
cost, slow build speed, narrow range of print material and difficulty in removing the 




1.1.3. Fused deposition modelling printing  
FDM 3D printing, also known as thermoplastic extrusion, was developed by Scott 
Cramp in the early 1990s is one of the most cost efficient and widely used printing 
approaches [85, 86] In FDM, a thermoplastic is extruded through a heated nozzle and 
deposited layer-by-layer onto a moveable printing platform. The printing bed descends 
after the completion of printing of each layer and the process continuous until the 
whole object is fabricated [87-98]. (Fig.1.3). In FDM as the filament is extruded through 
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a round nozzle, the resulting layers have round profile that leads to a grainy finish and 
therefore limiting the resolution and surface smoothness [8]. The low resolution of 
FDM 3D printer (XYZ, 300 × 300 × 50 μm) particularly in the xy plane as previously 
reported by McDonalds et al (321 ± 5 μm) particularly in the XY plane showed the 
incompatibility of this technique for manufacturing features with small dimension 
[99].However, efforts to improve the surface quality by manipulating the print 
direction shows great opportunities to overcome the current limitation of low 
resolution. For example; Wang et al proposed a segmentation method suggesting the 
partitioning of the printing model into several pieces to allow printing of each piece in 
a direction that produced minimum error and surface roughness [100]. Furthermore, 
continuous development in FDM printers improving print quality and reducing cost and 
an ever increasing number of thermoplastic materials including poly(lactic acid) (PLA), 
poly(vinyl alcohol) (PVA), acrylonitrile-butadiene-styrene (ABS),  poly(carbonate) (PC), 
nylon, poly(ethylene terephthalate) (PET), nylon, thermoplastic elastomers (TPE) and 
an increasing variety of functional materials ) [101, 102] make FDM a technique of 
choice for a wide range of applications.  
Additionally, printers with multiple nozzles capable of printing multiple materials can 
be used during printing to fabricate a sacrificial support or devices with integrated 
components of variable functions. Multi-material FDM printers allow the fabrication 
of parts with different properties in a single device during a print.  Materials with 
different properties (e.g. porosity, thermal or electrical conductivity, rigidity etc.), are 
chosen prior to the fabrication process to produce devices/systems containing parts of 
different functional properties. Multi-material FDM 3D printers have been employed 
for fabrication of analytical devices with integrated components of varying properties. 
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For example, Li et al., (2016) recently used ABS for printing the microfluidic device and 
LayFelt material, containing a water soluble polyvinyl alcohol (PVA) component, for 
membrane fabrication using a dual head FDM 3D printer in a single print run [103].  
The advantages of FDM such as; no post-processing of the print (such as wax removal), 
low cost, and availability of a wide range of materials make it a very attractive 
technique for the fabrication of low cost customised analytical devices and instruments 
[1].  
The aim of this project is to explore the potential of low cost FDM 3D printing for 
customisation and integration of various components of an instrument e.g. detectors, 
flow cell, pumps etc. that can potentially be used to develop a fully integrated 




1.2. Analytical instrumentation  
Analytical instruments are used to obtain qualitative and/or quantitative information 
about the composition of an unknown samples, such as the presence or absence of 
certain components in a sample [104]. Modern analytical instruments have evolved 
from the traditional methods that relied on mass or volumes measurement. For 
example, titrimetric analysis, a commonly used laboratory-based method relies on 
volume measurement to determine the concentration of a known analyte. In 
tritrimetry a known volume and concentration of the standard solution (titrant) reacts 
with the solution of analyte and its concentration is estimated by measuring the 
volume of the titrant reacted. The main drawbacks of the classical methods include 
time consumption, contamination due to manual handling, low sensitivity and non-
automation. In contrast to classical methods, modern analytical instruments provide 
the distinct benefits including; quick analysis, improved accuracy due to elimination of 
errors from personal bias, enhanced sensitivity and improved performance due to 
automation.  
Flow injection analysis (FIA) is one of the simplest analytical techniques with simple 
instrumentation. It is based on the injection of a liquid sample into a flowing carrier 
stream of a suitable liquid [105-107]. The injected sample is transported toward a 
detector which continuously records the changes in absorbance, in case of the 
photometric detector, resulting from the passage of the sample material through the 
flow cell. The simplest FIA system consists of a pump, which is used to transport fluid; 
an injection port, a reaction/mixing chamber [108] which is used to conduct the 
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reaction of the sample components with the carrier stream forming a species, and a 
detector to record the signals (Fig.1.4).  
The following sections will provide details on key components of the analytical 
instrument including; pump, flow cell and detectors and the application of 3D printing, 
if any, for the fabrication of these components.  
 
Fig.1.4: Schematic representation of the elementary components of a simple FIA 
instrument (Fig. taken from the reference). [106] 
 
1.2.1. Detectors/ detection Assembly 
In recent years, there has been an increasing demand for the customisation and 
integration of the detectors/ detection assemblies within the microfluidic systems due 
to low volume sample handling and faster response time advantages. Integrated 
microfluidic systems allow sample introduction directly to the detection techniques 
thus introducing automation through minimising sample handling and human 
intervention. Optical detection techniques e.g. absorption photometric, 
chemiluminescence or fluorescence are commonly used to record the analyte signals 
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after separation in capillary electrophoresis or liquid chromatography or colour-
forming reaction in FIA system. 
Photometric detection is the most frequently used detection technique due to its 
operational simplicity and low cost. In a photometric detection assembly, the 
concentration of the analyte is measured as it passes through the flow channel and the 
flow cell of the detector. The photometric detector delivers signal in the form of 
current or voltage which is proportional to the impinging photons which is recorded in 
the form of a peak, the signal intensity changes based on the light absorbed by the 
liquid, by measuring the difference in the absorbance of the analyte and the buffer. A 
typical photometric detector consists of a light source (e.g. LED), a flow cell, and a light 
sensor or photodiode (Fig.1.5). In the absence of a UV absorbing analyte, light passing 
through the flow cell generates a maximum signal at the photodiode which is then 
reduced when the UV absorbing analyte enters the detector and results in the change 
of detector current or voltage and therefore resulting signal/peak. This signal is 
electronically inverted by the software and results in a positive peak for the analyte. 
The detector response increases in with an increase in the concentration of the analyte 
in the flow cell. 
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Rapid advancement in light-emitting diode (LED) sources and photodetector 
technologies provide opportunities for compact, low power and inexpensive detectors 
for integration with microfluidic systems or on-capillary separation formats [109]. LEDs 
have gained significant attention over past few decades as light source for optical 
sensing and chemical analysis [109]. They have been increasingly used in miniaturised 
analytical systems for fluorescence and absorbance measurements since the first 
report by Flaschka et al. in 1973 [110]. For example, the commercially available 235 
nm LED based photometric detector was integrated with capillary ion-exchange 
chromatography (IEC). The LED based photometric detector consisted of commercial 
Agilent interface placed within an in-build Al holder with LED light source fitted on each 
Fig.1.5: Schematic of a photometric detection assembly 
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side of the holder (Fig.1.6). Their system demonstrated a great potential for LED based 
detectors for applications in low-cost miniaturised analytical devices [111]. Similarly, 
the use of deep-UV 255 nm LED as light sources for photometric detector for HPLC has 
also been reported [112]. Recently, a LED (260 nm) based photometric detector, with 
sensitivity at ppb level, was fabricated for on-column detection in capillary liquid 
chromatography [113].  
Traditional methods for detector manufacturing are based on subtractive 
manufacturing techniques such as such as computer numerical control (CNC) routing 
[114]. However, using these machining techniques, the production of complex features 
such as hollow structures within a single object is difficult to achieve. However, the 
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customisation and easy fabrication when using 3D printing has prompted many groups 
to tailor and optimise their own detection devices. For example, Prikryl and Foret used 
a low cost FDM 3D printer for fabricating a horn shape hollow structure within the 
fluorescence detection head, which could simply not be produced using standard 
machining methods. This detector was employed for fluorescent detection of 
oligosaccharides labelled by 8-aminopyrene-1,3,6-trisulfonate (APTS). The 
performance of developed 3D printed fluorescence detector was tested by comparing 
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it with semiconductor photodiode and photomultiplier as light sensing components 
[115]. By employing 3D printing parts, they were able to reduce cost, simplify 
customisation of spatial arrangement, and introduce miniaturisation as shown in 
Fig.1.7.   
1.2.2. Flow cells 
The integration of detection techniques with microscale separation systems such as CE 
and capillary LC usually requires various assembly parts and results in alignment and 
configuration issues. For example, for photometric detection, the alignment of the 
capillary/tubing with the detector components is a critical factor for optimal 
performance of an instrument, and may also limit user-friendliness. One way of 
circumventing this issue is integration of the channel with the detection assembly [116, 
117]. Dias et al., 2014 designed a photometric flow cell consisting of a flow channel 
integrated with the detection components including a LED and photodiode on the 
opposite sides (Fig.1.8). This photometric flow cell was used for highly sensitive 
analysis of iron thiocyanate compound with minimum time (125 determination/hr) 
and reagent consumption [117]. The sensitivity achieved using these flow cells was 
improved due to long optical pathlength in comparison to traditional on-
column/capillary UV-visible absorbance detectors in which the detection sensitivity is 
limited by short optical path length [118]. However, the flow cell required several 
assembly parts including: supporting blocks for LED and photodiode; glass cylinders to 
seal the channel ends and provide the transparent detection window inside the body 
for the light to travel from the light source through the sample to the detector; inlet 
and outlet tips, joined to the channel body by melting a small surface using a torch 
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[119]. The manufacturing and manual assembly of various parts of the flow cell is a 
labour intensive and time-consuming process and is prone to errors due to human 
intervention.  
3D printing has been used for the fabrication of flow cells for chemiluminescence  
detector with features that were difficult to achieve using classical coiled tubing 
technique or by channel etching into polymeric materials. For example, Spilstead et al. 
fabricated a chemiluminescence detection flow cell using a Pro-Jet HD 3000 3-D 
moduler system [120]. 3D printing allowed the fabrication of the customised flow cell 
that was successfully used to distribute the post-column eluate into two different 
serpentine channel detection zone and therefore providing detection with two 
chemiluminescence systems for highly sensitive and reproducible detection (Fig.1.9). 
Similarly, Gupta et al. used Object Eden 260VS, (Stratasys, Australia) printer for the 





higher chemiluminescence signal (Fig.9)[121]. However, the cost of the printer and 
difficulty in removing the support material were the major limiting factors.   
1.2.3. Pumps 
Fluid pumping is a key feature of a microfluidic system and usually requires a micro 
pump to monitor and manipulate liquid flow at a smaller scale (≤ 1 mm).  The fluid 
transport through micro pump is usually based on pressure, current, magnetic field, 
capillary action or electro osmosis [122-124].  Electro-osmotic pumps (EOPs) are one 
of the most commonly employed pumps with wide range of applications in high 
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performance liquid chromatography (HPLC) [125-127], chip based assays [128-130], 
microchannel cooling system [131], drug delivery [132, 133], device actuation [132], 
etc.  
In an EOP, fluidic movement is driven by the electroosmotic flow which is caused by 
the electric double layer, consisting of a compact layer on the channel walls and a 
diffused layer in the liquid, formed due the electrostatic interaction between the 
channel surface and uncharged liquid (e.g. aqueous solution) [13] [134].  The EOPs 
have been commonly used in microfluidic systems due to their advantages such as; 
simple integration, compatibility with the micro technology [134] and capability to 
provide high pressure on chip devices [135, 136].  Furthermore they provide a pulse 
free stable flow rate which is essential for reliable operation of microfluidic devices 
and flow injection systems [137].  Other significant advantages of EOPs over the 
conventional pumping systems are that they exclude the need for moving parts, 
simplicity in controlling the flow magnitude and direction, and ability to achieve high 
flow rates [138, 139]. These advantages make EOP highly suitable for miniaturised and 
portable system where downscaling/downsizing of the instruments is a critical 
requirement. Heuck and Staufer fabricated a low voltage EOP (2V- 5V) with small foot 
prints (100 µm × 15 µm, L × W) for integration with microfluidic devices [140]. Similarly, 
Lazar and Karger developed a novel miniaturised pumping system consisting of shallow 
microchannels (1-100) to deliver liquid to larger diameter channels on to the 
microfluidic chip. A common inlet, outlet and reservoir was used for all pumping 
channels (Fig.1.10). The developed micropumping unit was used to pump samples to 
electrospray ionization (ESI) emitter for MS analysis [141]. The sufficiently small size of 
the pump and its ability to achieve satisfactory flowrate (0.05-1 µL min-1) and 
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backpressure (up to 100 psi) makes it highly suitable for applications in common 
analytical microfluidic devices.  
A key requirement of all EOPs is that the electrodes generating electric current should 
be in direct contact with the ionic solutions, however, a significant challenge with this 
is that the voltage applied on the electrodes is automatically transferred to the rest of 
the fluidic system resulting in a fluidic system that is not electric field free [141]. 
Therefore, it is important to ground the liquid in the channels to prevent the leakage 
of current to the rest of the system. Ion-exchange membranes have long been used to 
ground the liquid at the electrically conductive joint that allows pumped liquid to be 
coupled with the microfluidic channels without leakage [142] Liu and Lu designed a 
stand-alone EOP consisting of an ion-exchange membrane that not only maintained 




the help of an external electrode, therefore decoupling the electric field in the pump 
from the microfluidic channel [143]. The added advantage of this pump was that it was 
fabricated on a microchip which provides opportunities to integrate the pump with the 
microfluidic devices. A comparison of electro-osmotic pumps and their performance 
for microfluidic devices is provided in Table 1.1. 
EOPs are usually fabricated with subtractive manufacturing techniques such 
micromachining [144] which is expensive, time consuming and provide limited options 
for design modification.  In addition, external electrodes need to be incorporated into 
the device which are again produced by complicated, expensive and time consuming 
techniques such as CNC milling [145], electro discharge manufacturing(EDM) [146, 
147]. 
There are few reports on the use of 3D printing for the fabrication of the pump [148-
151]. For example, Lo et al. recently employed lithographic high resolution 3D printer 
for printing a micro Tesla pump integrated with the microfluidic device. The developed 
pump was used to transport the dyes into the microfluidic device without the need for 
external pumping system [148]. Wang et. al. in 2017 developed a 3D printed peristaltic 
microfluidics pumping system using FDM 3D printing technique. The pump was printed 
using a flexible thermoplastic polymer which provided flexibility and control of large 
mechanical actuation, similar to previously reported pneumatic PDMS systems, for 
mixing and active pumping. The flow rate of the microfluidic system, comprising of two 
micropumps and a micromixer, was tested at various pneumatic pressures and 
actuation frequencies. This system was applied for the detection of insulin 
concentration through a chemiluminescence immunoassay and the results were 










Flow rates Pressure Reference 
1 DI water 40 V 0.01 
µL/min 
65 pa [153]  
2 10 mM 
phosphate 
buffer 
1 kV 0.26 
µL/min 
- [154] 
3 10 mM 
carbonate 
buffer 
400 V 0.0023 
µL/min 
- [155] 
3 25 mM 
phosphate 
buffer 
3 kV 2 µL/min - [137] 
5 DI water 1 kV 15 µL/min 33.4kpa [156] 
6  1/10 phosphate 
buffer 
40 V - 5 kpa [157] 




1.3. Project Aims  
The main goal of this project is to design and 3D print a simple FIA instrument. To achieve this 
customisation, the projects was fragmented down into 3D printing of various components of 
FIA instrument to evaluate their potential for automation and miniaturisation, which will be 
then integrated into an instrument later.  
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1. Multi-material FDM 3D printing and characterisation of customised phtometric flow 
cells with integrated slit and channel for applications in microfluidic. 
2. 3D printing of highly customised electroosmotic pumps using low cost FDM 3D printer 
and evaluation of the pump performance for fluid manipulation in microfluidics. 
1.4. Research outline, methods and techniques 
The following section will describe the outline of the research framework, designing, 
fabrication and characterisation methods/techniques used in this project. This section 
provides a detailed overview of each experiment, and a link between different chapters in 
this thesis. The content here is presented in the same order as the chapters in this thesis. 
1.4.1. Designing, 3D printing and characterisation of photometric 
detection assembly 
In Chapter 2, a photometric detection assembly with integrated slit was designed and 
fabricated using cost-effect FDM 3D printer. The assembly was used to position a LED on one 
side of the capillary or tubing and a photodiode on the other side. The device design with V-
shape feature facilitated in steady self-alignment of the capillaries and tubing, determined by 
consistent peak heights obtained for tubing repositioning between various FIA 
measurements. The size of the integrated slit is critical element of the device particularly for 
smaller diameter capillaries that require a smaller size slit to minimise the stray light, detected 
light that does not belong to the bandwidth of the given wavelength. The potential of an 
inexpensive low-resolution FDM 3D printer was investigated for its ability to fabricate the 
smallest slit size. This was achieved by exploring various printing orientations including; across 
40 
 
the slit, diagonal to the slit, and in parallel to the slit. The smallest slit size (70 µm) was printed 
for housing designed with a slit positioned in the XY plane parallel to the print direction. The 
characterisation of the 3D printed detection assembly consisting of 70 µm slit was acheived 
by using FIA to determine the linear range, effective path length and stray light for Orange G, 
the model analyte. The performance of the 3D printing detection body was compared with 
the commercial CE interface for separation of inorganic cations (Zn2+and Cu2+) complexes with 
PAR 4-(2-pyridylazo) resorcinol. 
1.4.2. Designing, 3D printing and characterisation of photometric 
flow cell 
Chapter 3 extends and improves the work described in Chapter two. To improve automation 
and miniaturisation, photometric flow cell with integrated channel and slit was designed and 
fabricated using multi-material 3D printer. The integration of channel and slit within a single 
device body provided advantages of minimum alignment and set-up requirement as 
compared to the previous device (Chapter 2) which required positioning of the 
capillaries/tubing for improved optical performance. The integrated slit also facilitated in 
improving the optical performance of the device due to minimum stray light. The other 
features of the device include; housing for LED and photodiode, transparent detection 
window, inlet and outlet ports. The device body including channels, inlet and outlet ports 
were printed using opaque material and transparent material was used for printing of the 
detection window. The flow-cell design was optimised by varying the slit dimension and 
optical path-length. The 3D printed flow cells with various slit sizes and optical pathlength 
were characterised by determining the % stray light and effective path length using Orange G 
as the test analyte. 
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1.4.3. Designing, 3D printing and characterization of 
electroosmotic pump 
In Chapter 4, designing, fabrication and characterisation of electroosmotic pump (EOP) to 
provide fluid control is illustrated. The novel design of the device included a single channel 
divided into multiple channels which resulted in two regions with significantly different 
surface area therefore producing uni-directional flow of the fluid. The other novel feature of 
the pump is three integrated electrodes, two ground electrodes and one electrode for 
applying voltage. The ground electrodes facilitated in decoupling the conductive components 
from the rest of the device and therefore preventing current leakage. The non-conducting 
parts of the device such as a multiple channel (mesh) and a hollow channel were printed from 
non-conductive Acrylonitrile butadiene styrene (ABS), and the electrodes were printed from 
a commercially available conductive material. The design of the 3D printed device was 
validated by comparing the flow rate and fluid direction of the fully integrated pump with two 
pump halves. Therefore, two halves of the pump including two electrodes and the single 
pumping channel, and the mesh and two electrodes were 3D printed individually. Flow rate, 
pressure and current measurement of each half at various voltages was compared with the 
values obtained for the whole device with fully integrated components.  The newly developed 
3D printed pump was characterised by measuring current, pressure and flow rate at various 
voltages [86]. 
1.4.4. Repeatability and accuracy of the FDM printing method 
Chapter 5 describes the various experiments that were performed to evaluate the efficiency 
of the FDM printing process in terms of repeatability and accuracy. The repeatability and 
accuracy of the devices developed in this project including photometric detection assembly, 
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photometric flow cell, and electro-osmotic pump was investigated by determining the 
consistency between the replicates of the printed objects and comparing the designed parts 
with the printed dimensions.  
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Chapter 2  
3D printed LED based on-capillary detector housing with 
integrated slit 
This chapter has been published in Analytica Chimica Acta. 2017, Volume 965, Pages 131-136 as a 
research article. Minor changes e.g. numbering font size, layout and style were introduced in order to 
match the formatting style of the thesis, keeping the original features of the article as much as possible. 
2.1. Abstract 
A 3D printed photometric detector body with integrated slit was fabricated to position a LED and 
photodiode either side of capillary tubing using a fused deposition modelling (FDM) printer. To make 
this approach suitable for capillaries down to 50 µm i.d. the dimension of the in-built slit is the critical 
element of the printed housing. The spatial orientation of the model for printing was found to 
significantly impact on the resolution of the structures and voids that can be printed. By designing a 
housing with a slit positioned in the XY plane in parallel with the print direction, the narrowest void (slit) 
that could be printed was 70 µm. The potential use of the 3D printed slit for photometric detection was 
characterised using tubing and capillary from 500 down to 50 µm i.d, demonstrating a linear response 
from 632- 40 mAU. The effective pathlength and stray light varied from 383- 22 µm and 77- 50 % for 
500- 50 µm i.d tubing and capillary. The use of a V-shaped alignment feature allowed for easy and 
reliable positioning of the tubing inside the detector, as demonstrated by a RSD of 1.9% (n=10) in peak 
height when repositioning the tubing between measurements using flow injection analysis (FIA). The 
performance of the 3D printed housing and 70 m slit was benchmarked against a commercially 
available interface using the CE separation of Zn2+ and Cu2+ complexes with PAR. The limit of detection 




Liquid chromatography (LC), capillary electrophoresis (CE), and flow injection analysis (FIA), are 
fundamental analytical techniques applicable to a wide variety of samples, primarily to non-volatile 
analytes [1-5]. Optical detection techniques (absorption photometric, fluorescence or 
chemiluminescence) are often used to record the separation (in CE, LC) or colour-forming reaction (in 
FIA) [6, 7]. In CE and FIA, photometric detection is often performed on-capillary (on-column) [8] 
employing a detector body to align optical components with the tubing or capillary.  
Traditionally, the detector body is fabricated using subtractive manufacturing techniques, such as 
Computer Numerical Control (CNC) routing, removing material until the desired shape is achieved [9]. 
However, it is difficult to make hollow elements inside a single object as the tool needs to be able to 
reach the material to be removed. For example, the horn-shape detector made by Přikryl and Foret [10] 
designed to refocus and direct the excitation light away from the detector to reduce the scattered light 
entering the detector, would be very expensive to make from a single piece of material on smaller scale. 
This design can be made using additive manufacturing, also known as 3D printing.  3D printing has 
emerged as a simple low-cost alternative to machining [11] and is capable of creating complex 3D 
structures including those containing hollow elements and eliminates the need for assembly. A 
computer aided design (CAD) drawing is digitally sliced into layers and saved as an STL 
(stereolithography) file, which is sent to the printer where the part is created in a layer-by-layer manner 
within a few hours. 3D printing allows for the adoption of a “fail fast, fail often” approach highly suited 
for optimising complex designs. There are a number of 3D printing approaches, with  STL, inkjet and 
fused deposition modelling (FDM) are frequently used for laboratory-based sciences [12]. While not 
renowned for its resolution, FDM is attractive because of its low cost, and the capability to print a wide 
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range of materials including those used in traditional manufacturing [13], and because structures can be 
printed without a support.  
Here we report the use of a FDM printer for the fabrication of an on-capillary photometric detector 
assembly. Key to the optical performance of the photometric detector is construction of a sufficiently 
narrow slit to reduce scattering and stray light, and the printing process was optimised to yield a 70 µm 
wide slit using a consumer-grade FDM printer. Using a 470 nm LED as light source, the printed detector 
housing containing the slit was characterised by FIA with Orange G as a probe. Its performance was 
found to be comparable with a commercially available CE detection interface when employed for the CE 
separation of metal complexes with PAR [14]. 
2.3. Materials and method 
2.3.1. Chemicals 
Orange G (1-phenylazo-2-naphthol-6,8-disulfonic acid disodium salt) of Standard Fluka quality was 
obtained from Fluka (Buchs, Switzerland). TAPS (N-tris[Hydroxymethyl]methyl-3-aminopropane-
sulphonic acid), PAR 4-(2-pyridylazo) resorcinol, monosodium salt hydrate and Zinc Chloride were 
obtained from Sigma Aldrich (Sydney, Australia). Copper (II) Nitrate was obtained from AJAX Chemicals 
(Sydney, Australia). 
Water was purified from deionized water using a Milli-Q water purification system (Millipore, Bedford, 
MA, USA).  
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2.3.2. CAD design 
The computer aided design (CAD) of the 3D printed housing and slit was created using Inventor Pro 
(Autodesk, San Rafael, USA) with the final STL available in the supplementary information. The CAD of 
an Agilent interface holder was created using AutoCAD (Autodesk, San Rafael, USA) and the STL file is 
also available in the supplementary information. 
2.3.3. Fabrication 
A FDM printer (Felix 3.0, Felix robotics, the Netherlands) used in combination with black PLA (Matter 
Hackers, CA, USA) was used to print the detector parts from the STL files using the printer’s proprietary 
software. The extruder temperature was 210 °C, the print bed was 80 °C and the extruded filament size 
ranged from 100 to 250 µm depending on the settings. 
2.3.4. Instrumentation for FIA 
The flow injection system comprised two programmable syringe pumps (SPS01, each 100 µL), two 
automated selector valves (AV201), and electronic interface board (EIB), valve manifold (4vm) and 
breadboard (upb-08) from Lab Smith (Livermore, CA, USA).  
The injection valve was a low pressure Cheminert 6 port 2 position valve (C22-3186EH-FL, VICI, Houston, 
TX, USA). The µProcess software was used for control of all components from Lab Smith (Livermore, CA, 
USA). An Ecorder (eDAQ Pty Ltd, NSW, Australia) was used for data collection, display and analysis of 
the detector signals. A blue LED (470 nm) was used as light source (Mfr. Part No.L-7113VBC-D, 5 mm, 
30 mA maximum steady current, Kingbright, CA, USA) and the transmitted light was detected using a 
silicon photodiode (Part number: IPL 10530 DAL,IPL, Dorset, UK). 
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2.3.5. CE Instrumentation 
A Hewlett Packard 3D CE (Waldbron, Germany) instrument equipped with a diode array UV absorbance 
detector and Agilent Chemstation software Rev. A. 08.03 (847) was used for analysis. The cassette was 
set at 25 °C. Untreated fused silica capillaries (Polymicro, Phoenix, AZ, USA) with an internal diameter of 
75 µm and outer diameter of 360 µm were used for separation unless otherwise stated. The length of 
capillary was kept at 70 cm (effective length of 49.5 cm to the 3D printed slit/3D printed Agilent interface 
holder) and the separation voltage was +25 kV.  
New capillaries were conditioned sequentially with 0.1 M NaOH, water and BGE for 15 min each at 
approximately 900 mbar using the flush setting. The same procedure was repeated at the start of the 
day. At the end of each day, the capillary was flushed with 0.1 M NaOH and water at 960 mbar for 2 min 
and stored in water. The capillary was flushed with BGE for 2 min prior to each injection.  
2.3.6. FIA procedure and detector performance characterisation  
FEP (Fluorinated ethylene propylene) tubing with an i.d. of 200 µm and 500 µm and o.d. 1000 µm and 
1500 µm, respectively, (IDEX, WA, USA) and untreated fused silica capillaries (Polymicro, Phoenix, AZ, 
USA) , i.d. 100, 75 and 50 µm and o.d. 360 µm, were flushed with water before use. A series of standards 
was prepared by serial dilution of stock solution of Orange G [15-17]. The LED was positioned in the FDM 
printed detection assembly and the light passed through the slit and the detection tubing onto the 
photodiode. The absorbance was calculated by the data acquisition system from the signal as its 
logarithmic function. Absorbance measurements at 470 nm were performed by flushing the detection 
tubing with concentrations of Orange G from 0.03 to 20 mM. A graph of sensitivity (absorbance/Orange 
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G concentration) vs. absorbance was plotted to determine effective path length and % of stray light [15, 
16, 18].  
2.4. Result and discussion 
2.4.1. Detector design and general considerations 
For optimal photometric detector performance (high linear range, low stray light and high signal 
to noise ratio), alignment of the capillary/tubing with the light source, slit, and silicon diode 
detector are critical [19]. Positioning of capillary respective to slit is a well-discussed issue and it 
must be given close attention when a detector is introduced/designed.  To accomplish the self-
aligning of the on-capillary detection tubing, a V-shape design was implemented using this well-
established approach.   
The detector body serves to accurately position capillaries and tubing with o.d. ranging from 375 µm to 
10 mm and to align the capillary/tubing with the LED, slit and detector. The design elements of the 
detection body for capillary/tubing and optical alignment are indicated in Fig.2.1.1 To align the capillary 
with the optical elements, an open-ended insertion slot ending in a V-shape was introduced, together 
with a lever to keep the capillary/tubing down in the V. This open design allows positioning of the tubing 
by sliding it into place from the side, eliminating the need to remove any fittings as required for designs 
where the tubing is threaded through a narrow hole. As illustrated in Fig.2.1A and B, the relatively wide 
opening at the side allows for the use of tubing with an o.d. up to 10 mm.  
To accurately and easily position the light source, in our case a LED, and photodiode for photometric 
detection, the detection body design includes a cavity on either side of the slit to accommodate the LED 
and photodiode, respectively. Based on dimensions, the slit is the most critical element of the detection 
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body. It defines the light beam passing through the capillary/tubing to the photodetector and should 
have a width that is about the same as the capillary/tubing i.d. It also should be positioned in parallel 
with the tubing [20]. Slit dimensions of 50 µm x 1000 µm (width x length) are typically used for CE while 
100-200 µm x 2-5 mm slits are typically used for larger i.d. tubing as used in capillary LC. Being positioned 
between the light source and photodetector, the slit is located in the core of the detection housing. This 
makes the machining of such a high precision feature in a single piece detection body difficult using 
traditional manufacturing techniques, hence detection bodies are typically assembled from two or more 
pieces. For ease of use and to prevent manual alignment, a monolithic detection body would be 
preferred. In this work, a consumer-grade FDM printer was used to create a monolithic detection body 
including a slit, as shown in Fig.2.1B. 
2.4.2. 3D Printing and Characterisation 
The FDM printer selected for use has spatial Z resolution defined by the manufacturer of 50 m and 
allows variation of the thickness of the extrudate between 50 µm and 250 µm, providing a means for 
adjusting the resolution, theoretically in both XY and Z dimensions. With the ambition to make a 
detector housing for CE, typically using capillaries of 50-75 m i.d., slits with an equivalent width were 
required. Given that the spatial definition for most FDM printers, determined by layer thickness and 
layer orientation, is currently around 50 µm, creating a feature of these dimensions is challenging and 
required optimisation. 
After optimisation of the printing parameters (extruder temperature 2100 C and print bed temperature 
80°C) the first parameter that was examined was the printing orientation. Three different orientations 
of the body were explored, with Fig.2.2A showing the printed slits with widths ranging from 250-50 µm 
with a length of 1000 m printed with three different orientations organised according to the way in 
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which the printer prints each layer. Fig.2.2A shows the 3D printed slits with various widths when the slit 
is printed across multiple layers. As can be seen, the printer was able to print the slits with a large 
dimension (250 and 200 µm), but not down to the 50-75 µm required for CE. The poor shape of the slit 
was due to compression of layers onto each other and turns in the extrudate where the slit area was 
Fig.2.1. A) CAD design of the detector and illustration of its different parts B) 3D printed 
on capillary photometric detector. The yellow arrow shows the plastic housing pushing 
the capillary into the self-aligning V shape. 
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defined. Fig.2.2B shows slits fabricated by printing the slit within a single layer by orientating the slit so 
that it is printed directly on the bed. However, no slits were printed in this orientation presumably due 
to the printer outlining the slit prior to beginning to print the rest of the layer. Fig.2.2C shows the slit 
printed in multiple layers, but in a way that the length of the slit was in parallel with the print direction. 
This way, compression and bends at the edges could be minimised. As depicted in Fig.2.2C, the minimum 
slit width that could be printed in this orientation was 70 µm, within the 50-75 µm required for CE. This 
printing orientation was selected for the remainder of this work. 
2.4.3. Optical performance of the 3D printed housing and slit 
The performance of the 3D printed detector body with 70 µm slit was characterised by FIA experiments 
with Orange G to determine the linear range, effective pathlength and stray light. The linear range was 
defined as the absorbance from the limit of detection (LOD) up to the absorbance where the sensitivity 
had decreased by 5 % relative to the extrapolated linear trend constructed from lower concentrations.  
The absorbance of Orange G at concentrations ranging from 0.03 to 20 mM was measured and the 
collected data are plotted for different width slits in Fig.2.3A. Stray light and effective path length can 
be derived from the sensitivity plot by extrapolating the curves as shown by the arrows in Fig.2.3B [15-
17].  
Absorption and concentration are linked through the Beer-Lambert law, A=εℓc where A is absorbance, 
ε ε = molar absorption coefficient for orange G. (18546 L.mol-1cm-1); c= concentration of the sample in 








Across the linear response range of the detector, the value of A/c is constant for the absorbance 
measurements. When out of the linear response range, the value of A/c  
will change, making a plot of A/c vs A useful in deriving information about the upper linear range of the 
detector response. Here, the upper end of the linear range (mAU), corresponding to a 5% decrease in 
A/c, was determined as 632, 584, 54, 45 and 40 mAU for the 500 µm and 200 µm i.d. tubing and 100 µm, 
75 µm and 50 µm i.d. capillary, respectively.  
Through the Beer-Lambert law, the plot of A/c vs A can also be used to determine the effective 
pathlength, extrapolating the graph to zero absorbance and dividing this A/c by ε. For the 500 µm and 
200 µm i.d. tubing and 100 µm, 75 µm and 50 µm i.d. capillary, the extrapolated sensitivity (A/c) were 
748, 300, 118, 89 and 860 AU.L/mol., respectively. 
The effective pathlength is defined as the ‘average’ path length the light travels through the solution. 
The stray light was calculated as the percentage relative to the incident light. The last two parameters 
have been shown to often correlate, with a relatively large effective path length typically associated with 
a lower % of stray light [15-18, 21, 22].Using a value of 19511 L.mol-1cm-1 for the molar absorptivity of 
Orange G [16], the effective pathlength was determined to be 383 µm and 153 µm for the 500 µm and 
200 µm i.d. tubing and 61 µm, 45 µm and 22 µm for the 100 µm, 75 µm and 50 µm i.d. capillary, 
respectively. This corresponds to 77 and 76 % of the tubing i.d. and 61, 60 and 50 % of the i.d. capillary, 
respectively. These values are comparable to some commercial CE instruments, [18, 21, 23] which 
indicates the satisfactory performance of the detector with the 3D printed slit. 
Finally, the percentage of stray light is also estimated from the A/c vs A plot from the last point at the 
highest concentration in each graph in Fig.2.3B. The % stray light was calculated to be 3.80 % and 13 % 




Fig.2.3. A) Graph of absorbance (mAU) vs concentration (mM), B) Graph of sensitivity (AU.L/mol) vs absorbance. (mAU). 
500 µm and 200 µm i.d. tubing and, 100 µm, 75 µm and 50 µm i.d. capillary used for experiment. 
72 
 
tubing and capillary, respectively. As expected, stray light decreased with increasing tubing i.d., as the 
ratio of the effective pathlength over slit width increased. To make the detector assembly more suitable 
for capillary with i.d. <50 µm, a slit width <50 µm would be desirable, but was not possible to achieve 
with the current printer and settings.  
To determine the repeatability of the self-alignment feature of the detector assembly, absorbance 
values were recorded after the 75 µm i.d. capillary had been removed and re-positioned in the assembly, 
and 0.125 mM of Orange G injected. Fig.2.1.2 shows the overlay of absorbance traces for 10 replicate 
measurements, with an RSD of 1.9 % for the absorbance at the peak maximum. 
The final numerical parameter determined to characterise the detector performance was the baseline 
noise. The stability of the position of the tubing in the V-shape affects the vibration of capillary, with 
enhanced stability reducing baseline noise thus helping in achieving a baseline noise of 0.060 mAU peak 
to peak (unfiltered data). The signal for the peak corresponding to 0.125 mM Orange G peak in FIA mode 
was 13.5 mAU, which corresponds to a LOD of 2.1 µM (S/N=3), which is a value comparable to literature 
values for similar dyes [24].  
2.4.4. Performance of the 3D printed housing and slit in comparison to 
commercial capillary interface 
On-capillary absorbance detection is the most common detection method for CE [8, 25]. 
To benchmark the performance of the 3D printed detector body against the commercially 
available Agilent interface, CE separations of Zn2+ and Cu2+ as PAR  complexes [14] were carried 
out using both the 3D printed detector body and the Agilent interface housed in a 3D printed 
holder to provide the same effective length for both types of slits. As can be seen in Fig.2.4A the  
73 
 
peak heights compared well between the 3D printed slit and Agilent interface, with a slight 
difference due to slight variation in the EOF. The LOD, noise (N), and S/N ratio for Cu2+ and Zn2+ 
are provided in table 2.1. The data show that the detector provides detection limits 2-3 times 
higher than the commercial interface.    
The 3D printed detector body was used for the analysis of metals in river water collected from 
the west coast of Tasmania [26]. The river water samples were filtered prior to injection, and 
spiking confirmed peaks with migration times around 4 min and 5 min to be Cu2+ and Zn2+ 
(Fig.2.4.B). This application demonstrates FDM printing can be used for the fabrication a 
monolithic detector body containing high precision elements. The affordability and flexibility in 
design offered by 3D printing makes this approach attractive for developing custom-designed 
instrumentation, for example portable CE systems. Furthermore, the developed detector also 
has the potential to replace detectors  
using traditional light sources in the UV regions thanks to the increasing commercial availability 






Fig.2.4.A).Electropherograms for separation of Cu2+(0.1mM) and Zn2+(0.1mM) cations in 
standard solution. Experimental conditions: sample was injected for 1 sec at 10 mbar into a 70 
cm long with effective length of 49 cm and 75 µm I.D. capillary. Separation at +25 kV, LED 
detection at 470 nm using 50 mM TAPS buffer containing 0.1 mM PAR adjusted to pH 8.47 
using NaOH as BGE.,B).Electropherograms for separation of cations in river water using 3D 
printed slit. Experimental conditions: sample was injected for 1sec at 10 mbar into a 70 cm 
long with effective length of 49 cm and 75 µm I.D. capillary. Separation at +25 kV, LED 
detection at 470 nm using 50 mM TAPS buffer containing 0.1 mM PAR adjusted to pH 8.47 






In this work, a single piece detector body containing a slit for photometric detection was 
fabricated using a FDM printer. Optimisation of the print orientation allowed for the printing of 
slits with widths down to 70 µm. Equipped with a LED and photodiode, the detector’s 
performance was equivalent to detector bodies made using traditional means based on linear 
range, effective path length and stray light. The performance of the 3D printed housing was 
compared with a commercially available detection interface for the CE analysis of Cu2+ and Zn2+ 
complexes and was applied to the analysis of river water collected from the Tasmanian West 
Coast.  
This work demonstrated the use of a FDM printer for the fabrication of a detector body 
containing a high precision slit, where easy design modifications provide an attractive means to 
custom-designed instrumentation. 
Table 2.1. Determination of LOD, noise, and signal to noise (S/N) ratio for Cu2+(0.1mM) 
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2.7. Electronic supplementary material  
2.7.1. Abstract 
This Electronic supplementary material contains additional information on the design elements of the 
detection body for on-capillary/tubing detection and the optical alignment and further shows the 




Fig. 2.1.2. Absorbance vs time graph for 10 replicates of flow injection analysis of 15 
µL Orange G (0.125mM) at 90 µL/min flow rate using 75 µm i.d capillary. 
Fig.2.1.1. A Schematic on-capillary photometric detection simplified design. B) Schematic 
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 One step multi-material 3D printing for the fabrication of a 
photometric detector flow cell 
This chapter in in the process of submission as a research article. Minor changes e.g. numbering font 
size, layout and style were introduced in order to match the formatting style of the thesis, keeping the 
original features of the article as much as possible. 
3.1. Abstract 
Optical detection is the most common detection mode for many analytical assays. Photometric 
detection systems and their integration with analytical systems usually require several assembly parts 
and manual alignment of the capillary/tubing which affects sensitivity and repeatability. 3D printing is 
an innovative technology for the fabrication of integrated complex detection systems.  One step multi-
material 3D printing has been explored to fabricate a photometric detector flow cell from optically 
transparent and opaque materials using a dual-head FDM 3D printer. Integration of the microchannel, 
the detection window and the slit in a single device eliminates the need for manual alignment of fluidic 
and optical components, and hence improves sensitivity and repeatability. 3D printing allowed for rapid 
design optimisation by varying the slit dimension and optical path-length. The optimised design was 
evaluated by determining stray light, effective path length and the signal to noise ratio using orange G. 
The optimised flow cell with extended path length of 10 mm and 500 µm slit yielded 0.02 % stray light, 
89% effective path length and detection limit of 2 nM. The sensitivity was also improved by 80% in the 




Optical detection is a common mode for many analytical analyses [1-3]. In recent years, there has been 
an increasing demand for the customisation and integration of detectors/ detection assemblies within 
microfluidic systems due to low volume sample handling and faster response time advantages. 
Integrated microfluidic systems allow sample introduction directly to the detection techniques thus 
introducing automation through minimising sample handling and human intervention. Customised 
detection assemblies for photometric detection [4] and combined three detection methods (contactless 
conductometric, photometric and fluorometric) for single point simultaneous detection of three 
signals[5] have been studied. However, the detection assemblies usually require various assembly parts 
and manual alignment of the capillary/tubing which limits the sensitivity and repeatability of the 
method. Therefore, the integration of the channel within the detection assembly and extended optical 
path length will result in improved sensitivity and repeatability of photometric detection. A photometric 
flow cell with integrated channel and extended path length (200 mm), resulting in four-fold increase in 
sensitivity, has been reported previously [6].  
The flow cell design offers flexibility in adjusting the path length, however, it requires assembly of several 
parts including supporting blocks for housing the LED and photodiode; glass cylinders to seal the channel 
ends and provide the transparent detection window inside the body for the light to travel from the light 
source through the sample to the detector; and inlet and outlet tips, joined to the channel body by 
melting a small surface using a torch [6]. The manufacturing and manual assembly of various parts of 
the flow cell is a labour intensive and time-consuming process and is prone to error due to manual 
intervention. Furthermore, traditional machining methods (e.g. CNC milling) used for manufacturing 
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detection assembly/flow cell are time consuming, expensive and not suitable for repetitive design 
modifications. 
3D printing/additive manufacturing converts 3D models into a physical object in a one-step 
manufacturing approach that can significantly quicken the innovation and product development cycle 
[7-12]. Recent improvements in 3D printers and the development of a wider variety of materials has 
seen an increase in the use of this technique for detectors [13-16], electronics [17, 18] and pneumatics 
valves and pumps [19, 20]. 3D printing has been used previously for the fabrication of detection 
assemblies for photometric and fluorescence detection due to its ability to create complex hollow 
structures which is otherwise challenging to achieve using traditional manufacturing techniques [13, 14]. 
Fused Deposition Modelling (FDM) benefits from a wide range of available materials and the availability 
of low-cost multiple nozzle FDM printers allow combination of different materials with varying 
functionality and properties into a single object [12, 13] 
In our previous report, 3D printing was used to fabricate a LED detector body containing a slit for 
photometric detection that could be positioned on any external capillary or tubing with an outer 
diameter from 360 m to 10 mm [14].  Equipped with a LED and photodiode, the detector's performance 
was equivalent to commercially available detection interface, and served well for on-capillary detection, 
primarily exploited for traditional fused silica o.d. 360 um capillaries used typically in CE or capillary LC 
[14]. In a different and complementary approach to our previous detector design, alternative designs of 
flow cells with the liquid in contact with the 3D printed cell offer some advantages worth investigating.   
Here we report on the use of multi-material fused deposition modelling (FDM) 3D printing for 
manufacturing a single piece flow cell; consisting of an integrated slit and flow channel in an opaque 
body, and a transparent detection window; for photometric detection.  The opaque device body and 
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transparent detection window were printed simultaneously using a dual-head FDM 3D printer with 
opaque and optically transparent materials. Integration of the flow channel, the detection window and 
the slit in the single device eliminated the need for manual alignment of fluidic and optical components, 
and hence improved repeatability. 3D printing allowed for rapid design optimisation by varying the slit 
dimension and optical path-length. The optimised design was characterised by determining stray light, 
effective path length and the signal to noise ratio using orange G.   
3.3. Materials and method 
3.3.1. Chemicals and detector characterisation  
Orange G (1-phenylazo-2-naphthol-6,8-disulfonic acid disodium salt) of Standard Fluka quality was 
obtained from Fluka (Buchs, Switzerland). Water was purified from deionized water using a Milli-Q water 
purification system (Millipore, Bedford, MA, USA).   
A series of standards was prepared by serial dilution of stock solution of Orange G.  The absorbance was 
calculated by the data acquisition system from the signal as its logarithmic function.  The detector flow 
cell channel was first flushed with water and then with the Orange G standards. The flow was stopped 
and the absorbance was measured under static conditions. Each test solution was measured in triplicate 
and in order of increasing concentration. From the sensitivity vs absorbance curve, the effective path 
length and percentage of stray light values were calculated.  Determination of stray light by filling the 
detection cell with a highly absorbing solution is well justified in principle, well established and has been 
used previously [14]. 
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3.3.2. Designing and fabrication 
The computer aided design (CAD) of the detector flow cell was made by using Inventor Pro.  A FDM 
printer (Felix 3.0, Felix robotics, the Netherlands) used in combination with black Polylactic acid (PLA) 
material and transparent PLA (Matter Hackers, CA, USA) was used to print the flow-detector from the 
STL files using the printer’s proprietary software. The extruder temperature was 210°C, the print bed 
was 70 °C and the extruded filament size was 150 µm.   
3.3.3. Instrumentation  
The detection system comprised of a multicolour ( Red 630 nm, Blue 470 nm, Green 525 nm)  LED (5 mm, 
30 mA maximum steady current) from LigCom Group (Glen Cove, NY, USA) and a silicon photodiode (TSL 
RS-LF) from RS Australia (Smithfield, NSW, Australia). Labview (SP1 2011) software was used for control 
of all components from National instruments (Macquarie park, NSW, Australia).  An I/O module (NI-DAQ 
National instruments (Macquarie park, NSW, Australia) was used for data collection, display and analysis 
of the detector flow cell signals. 
3.4. Result and discussion 
3.4.1. Flow-cell design and general considerations 
The key elements for the flow-cell design include: (i) minimum or no assembly supporting repeatability 
and robustness, (ii) housing for the LED and photodiode, (iii) integrated slits to reduce stray light and 
provide optimum optical performance, (iv) transparent detection windows at a pre-defined distance 
determining the optical path length, (v) fluidic ports for interfacing at the flow cell’s inlet and outlet. This 
was achieved by designing and 3D printing the entire flow cell including all the functional parts 
87 
 
integrated into a single device body. A multi-material 3D printer with dual nozzle allowed printing of the 
device body with an opaque material, black PLA, and the transparent detection window using a visibly 
transparent PLA filament. Integration of the slit and flow channel in a single body reduced the time 
required for setup compared with our previous report, where positioning of the tubing within the optical 
path was critical for optimal optical performance [21], as defined by low stray light, high effective path 
and high signal to noise ratio. In our new design, the cavities for the LED and photodiode were positioned 
on each side of the slit which facilitated quick plugging of the LED and photodiode on the device, with 
the path length defined by the length between the slits. The novel design resulted in a simple device 
which required no assembly parts. The CAD design and a photograph of the 3D printed photometric 
detector flow cell are shown in Fig.3.1.   
To examine the repeatability of the cell, four cells with path lengths ranging from ranging from 7.5 to 15 
mm, were printed three times (n=3) and a coloured dye was used to observe the length of the cells 
under the microscope.  The data in Table S.3.1 shows good agreement between the design and printed 
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pathlengths, with on average, the design length being ~ 99% of the design length.  The repeatability of 
each design was also acceptable, with an error of % RSD ranging from 0.06 to 0.27 %.  These results 
demonstrate the excellent repeatability of the 3D printed cells and a close agreement of the designed 
parameters with the printed parts for our device.  
3D printers print the object layer by layer and transparent walls will have impression of the layers. To 
see that behaviour and its effect on optical performance the optical characterization for the flow cell 
Fig.3.1. A) CAD design of the detector flow cell and illustration of its different parts B) 3D 




including transparent detection window was performed. Orange G has been commonly used in previous 
studies as the model analyte for the characterisation of the optical detectors/ detection methods [22, 
23], therefore it was chosen as the test analyte for the characterisation of the newly developed flow 
cell.  
3.4.2 LED emission spectrum 
The prerequisite of choosing an LED as a light source that its emission spectrum and the absorption 
spectrum of the compound under study should present a wide overlap [6, 24]. To confirm that orange 
G is a suitable compound spectrally matching the blue LED, the absorption spectrum of orange G and 
emission spectrum of the LED were recorded, which are shown in Fig.3.2. It can be seen that two spectra 
present a wide overlap with the maximum of LED emission measured at 466 nm, and the maximum 
absorption of the orange G compound is measured at 472 nm. These results showed that 470 nm blue 
LED could be chosen as the light source for photometric detection of the Orange G, therefore this 
compound was chosen for the characterization of the flow cell. 
3.4.3. Comparison and optimization of optical performance of the detector 
flow cell design 
Practically, the performance of a photometric detector is determined by the signal to noise ratio that 
can be obtained. Optimum performance is associated with low stray light and high effective optical path 
length, which are influenced by the actual detection cell length and slit size. Therefore, the performance 
of the 3D printed photometric flow cell was characterised by measuring the % stray light and effective 
optical path length. Flow cells with various slit sizes and optical pathlengths were characterised to 
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investigate the device with optimum performance. The signal to noise and detection limit were 
determined using orange G solutions. 
Theory  
The flow cell was designed to accommodate silicon photodiode and LED on each side, allowing optimal 
use of the radiation emitted by the blue LED. Flow cells with various optical path lengths (7.5  ̶15 mm) 
and slit sizes (200 ̶ 500 µm, squared shaped slits with 300 µm depth i.e. 200 x 200 x 300 to 500 x 500 x 
300) were fabricated, further details on printing parameters and slit geometry are provided elsewhere 
[4]. Each flow cell was assessed on agreement with Beer–Lambert law [25, 26], Eq. 1, Although the Beer-
Fig.3.2. Superimpose of the absorption spectrum of Orange G and emission spectrum of blue 470 
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Lambert-Bouguer law used in the form of Eq. 1 is valid for monochromatic light, the influence of non-
monochromacity of LED emission spectra has been examined in detail and shown that its effect on 
detection linearity is negligible [25, 26].  
Areal  =  log
𝐼0
𝐼
  = ε. ℓ.c        (Eq.1)  
where (A real) = absorbance of the analyte; I0= Intensity of light incident upon the sample cell; I =Intensity 
of light leaving sample cell; ε = molar absorption coefficient (18546 L.mol-1cm-1); c= concentration of the 
sample; ℓ= path length of the cell. 
The sensitivity (S), the signal of the analyte per unit concentration, is calculated by dividing the measured 




eff           (Eq.2).   
The effective path length, ℓ eff, was determined by rearranging the Beer-Lambert law, the plot of S (A/C) 
vs (Aeff) Fig.3.2 could be used to determine the effective path length by extrapolating the graph to zero 
absorbance or dividing this S by ε.[14].  
The Following equations were used for calculations;  




eff         (Eq. 4) 
ℓ eff. = 
𝑆
 ε
           (Eq.5) 
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Any light coming from the LED outside of the cell, is not going to be detected by the detector, which is 
the case for stray light. The stray light- detected light that does not belong to the bandwidth of the 
selected wavelength - was determined as the percentage relative to the incident light and is calculated 
from the maximum absorbance (Amax.) of the analyte.[5, 14],  
stray light % = 100 x 10-(Amax)                                                                                            (Eq. 6) 
3.4.4. Optimisation of slit size 
In photometric detection, the slit plays a vital role in light collimation and optical performance [14, 26, 
28, 29].  Ro et al. reported a significant increase in effective path length by introduction of a slit when 
compared to a similar detector design without a slit [29]. In this work is we used an opaque channel with 
transparent detection window to see the effect on sensitivity, effective path length and stray light. In 
this design the LED housing was made in a way so that LED was inserted inside the opaque long housing 
which minimise the stray light and black opaque walls of the channel absorb stray light as well.  To pass 
the light, transparent detection windows were printed on each end of the flow cell, with a small opaque 
slit printed adjacent to the transparent material. Square slits ranging from 200 - 500 µm were 
incorporated on both ends of the flow-cell and their effect on detector performance was studied by 
determining the linearity, effective path length, and stray light of Orange G as previously reported [26, 
27, 30].  A flow cell with 10 mm optical path length (average channel length of each flow cell after 3D 
printing (n=3) is 9.98) was used for optimising the slit size. The detector performance was determined 
by measuring the absorbance of Orange G over a concentration range of 0.0097 to 20 mM by Eq.1, which 
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was used to calculate the sensitivity. The sensitivity calculated by Eq.2 was found to be in the range of 
13046 to 16683 AU.L/ mol. for the 200 to 500 µm slits.  
The Beer-Lambert law allows for determining the effective path length by extrapolating the S vs A graph 
to zero absorbance and dividing this by ε obtained from Eq.5. For a flow cell with 10 mm path length, 
effective path-lengths of 7.1 mm (72.5 %), 7.3 mm (74.53 %), 7.8 mm (79.5 %) and 8.9 mm (90.5 %) were 
obtained for the 200, 300, 400 and 500 µm slits, respectively, values that are comparable to the 
literature values for photometric detection systems [14, 26, 29-32]. This is graphically depicted in Fig.3.3. 
 
Fig.3.3. The plot of detection linearity depicted as a sensitivity (AU.L/mol) vs absorbance (mAU) graph. The average 
channel length of each flow cell after 3D printing (n=3) is 9.98 mm and the slit sizes ranges from 200 to 500 µm in 





The percentage of stray light can also be determined from Fig.3.3, and was determined using Eq.6. 
Values for stray light ranged from 0.1 to 0.6 % for the slits ranging from 200 to 500 µm.  This is almost a 
35 fold improvement in comparison with our previously reported LED based 3D printed photometric 
detection assembly, where stray light was 3.8 % [14]. This improvement is most likely due to the 
improved positioning of the flow cell within the optical path and agrees well with previously reported 
values ranging from 0.6 to 50 % for LED based detectors [29, 31-33] 
The final numerical parameter used to characterise the photometric detector performance was the 
baseline noise. The stability with which the LED and photodiode are positioned affects the vibration, 
with enhanced stability reducing baseline noise. With the detection limit determined by the signal to 
noise ratio, decreasing the baseline noise results in a lower limit of detection. The noise (n=3) was 
calculated by estimating the short time variation of the baseline, average value provided in Table 3.1 
and the limits of detection (LOD) for the method were calculated based on a signal to noise ratio of 3.  
The noise, signal to noise ratio and detection limit were determined for Orange G using the 200, 300, 
400 and 500 µm slit and are given in Table 3.1, with values comparable to literature reports for similar 
dyes [34]. It was observed that the slit in this arrangement is reducing the light intensity which could be 
Table 3.1. LOD, noise, and signal to noise (S/N) ratio calculted for orange G  (0.0097 
mM) using 3D printed photometric detector f low cell with various slit sizes (path 







the reason for the increase in noise values. These results also showed that the slit also has minimal effect 
of stray light on these extended path length flow cells. Based on these results, a 500 µm slit provided 
the best optical performance with highest effective path length, minimum stray light and lowest limit of 
detection.  
3.4.5. Optimisation of path length 
Path length is a key element for optical detectors as it ultimately determines the signal intensity and the 
limit of detection [29, 35]. Sensitivity increases by increasing path length of the flow cell  [36] but after 
certain path length the intensity of light decreases and sensitivity starts to drop [37, 38]. Therefore, it is 
important to optimise the path length in order to obtain the best performance of the flow cell. 
Fig.3.4. The plot of detection linearity depicted as a sensitivity (AU.L/mol) vs absorbance (mAU) graph. The size 
of the slit is 500 µm in all the flow cells.  The average channel length,  7.47, 9.98, 12.47 and 14.98 mm (designed 
path length 7.5, 10, 12.5 and 15 mm respectively), for each 3D printed flow cell was used for performing the 
calculations. Orange G, molar absorption coefficient measured to be 18546 L.mol-1cm-1 , was used as the test 
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Photometric detectors with different optical path lengths of 7.5, 10, 12.5 and 15 mm were printed, which 
had measured average path lengths of 7.47, 9.98, 12.47 and 14.98 mm respectively.  These cells were 
evaluated using the approach discussed in 3.2.1. Fig.3.4 shows the sensitivity vs absorbance plot for the 
different flow cell lengths. From these data, the effective path length was determined to be 5.82 mm 
(78.0 %), 8.9 mm (90.5 %), 9.3 mm (75.0 %) and 8.4 mm (56.1%) for the 7.5, 10, 12.5 and 15 mm channel 
lengths, respectively, which are comparable to literature values reported for other systems [5, 14, 26, 
27, 29-33].  
The sensitivity was found to be in the range of 10808 to 17020 AU.L/ mol. for the 7.5 to 15 mm path 
length. Again, the sensitivity values obtained using the newly printed flow cell are ~ 20 time better than 
the previously reported work on 3D printed photometric detection assembly. For the presented 
photometric cells, the percentage of effective path length increases when the detection path increases 
from 7.5 mm to 10 mm, but decreases when the channel length exceeds 12.5 mm. This decrease in the 
percentage of effective path length above 10 mm is possibly because of decreased light intensity at such 
large path length. Therefore, these results show that a path length of 10 mm has an optimum effective 
path length with a maximum effective path length of 90 %.  These results with the obtained value of 90 
Table 3.2. LOD, noise, and signal to noise (S/N) ratio calculated for orange G(0.0097 mM) 
using 3D printed photometric detector flow cell with various pathlengths designed(slit 




% effective path length in optimized flow cell also demonstrate that the transparent window is not very 
much affected by the layer by layer printing process. 
The % stray light was calculated to in the range of 0.1 to 0.3 % for the 7.5 to 15 mm channel lengths, 
again superior to our previously reported 3D printed photometric detector, and is in good agreement 
with other reported stray light values (0.6-50%)  [29, 31-33]. The reported effective path length and stray 
light agree with the measured noise level of the photometric detectors, tabulated together with 
corresponding detection limits in table 3.2.  These results showed that the LOD decrease by increasing 
the path length up to 10 mm, however above this path length there was an increase in LOD which is 
could be because of decreased light intensity at such large path length, thus showing 10 mm as the 
optimum path length with maximum light intensity for the 3D printed flow cell. It must also be noted 
that for noise values the difference between the two smallest windows is relatively small and therefor 
the small difference in the determined corresponding level of noise can be regarded as acceptable.  
Importantly, for the larger windows, the noise levels determined follow an expected trend with 
decreasing levels of noise for larger windows as a result of higher levels of light through the larger 
windows.  The performance of the 3D printed flow cell is comparable to literature values reported for 
similar detection systems machined using conventional manufacturing approaches. [14, 26, 29-32, 34, 
39].  
After considering all the optimising parameters, the performance of the flow cell with 10 mm path length 
and 500 µm slit was found to be the best of the flow cells characterized in this work and was 80% more 
sensitive than poorest performing photometric flow cell. The sensitivity of the flow cell was improved 





Herein, the potential of multi-material 3D printing was explored to fabricate a novel photometric flow 
cell design which consisted of integrated channel along with cavities for LED and photodiode and 
incorporates a visibly transparent material in an otherwise opaque embodiment to allow for the light to 
travel between light source and detector. Simultaneous printing of functional components of variable 
properties facilitates integration of various parts into a single object, hence providing opportunities to 
minimise assembly parts and introduce automation. Additionally, the simplicity of design and fabrication 
suggest that multi-material 3D printing may provide a low-cost and flexible way to construct and 
integrate photometric detection in instrumentation used for chemical analysis. This study demonstrates 
the capability of 3D printing to fabricate photometric flow cells with complex features, such as 
transparent detection window within an opaque body, with an utmost simplicity that is not comparable 
to existing manufacturing approaches.  
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3D printed non-terminal electroosmotic pump  
This chapter is submitted in Anal. Chem. as a research article. Minor changes e.g. numbering font size, 
layout and style were introduced in order to match the formatting style of the thesis, keeping the original 
features of the article as much as possible. 
4.1. Abstract 
Multi-material fused deposition modelling (FDM) facilitated the fabrication of the electrically conducting 
electrodes and insulating device components all in one-piece, resulting in an assembly free non-terminal 
EOP. A non-terminal electro-osmotic pumps (EOP) is an EOP with its fluidic terminals grounded therefore 
not affecting its fluidic environment. An infill mesh with square apertures was used to provide a high 
surface area element with significantly enhanced surface area compared with a second element with 
Table 3.1. LOD, noise, and signal to noise (S/N) ratio calculted for orange G  (0.0097 mM) using 3D 
printed photometric detector f low cell with various slit sizes (path length = 10 mm designed) 
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the same O.D. but only containing a single 1 mm I.D. through cavity. Both elements were printed in non-
conductive acrylonitrile butadiene styrene (ABS) and integrated with three electrodes printed in 
conducting ABS in an alternating configuration. The 3D printed EOP was characterized by measuring the 
current, flow rate and pressure at various voltages. An increase in voltage from 100 – 500 V resulted in 
an increase in pressure (11.61 - 255.50 Pa), current (15 - 68 µA) and flow rate (0.3 - 4.9 nL/sec), 
respectively, which is similar to other EOPs. This non-terminal EOP introduces asymmetry in surface area 
along the EOP to allow for a net flow, eliminating the need for surface modification. This device, which 
can be made in 35 min in a single manufacturing step using a consumer-grade 3D printer provides an 
attractive alternative EOP 
4.2. Introduction 
Fluid pumping is a key feature of a microfluidic system and usually requires a micro pump to manipulate 
liquid flow at a smaller scale (≤ 1 mm).  The fluid transport through a micro pump can be based on 
pressure, current, magnetic field, capillary action or electro osmosis. [1-3] Electroosmotic pumps (EOPs) 
have found wide range of applications including in high performance liquid chromatography (HPLC) [4-
6], chip based assays [7-9], microchannel cooling system [10], drug delivery [11, 12], and device 
actuation [11]. 
In an EOP, fluidic movement is driven by the electroosmotic flow which is caused by the electric double 
layer, consisting of a compact layer on the channel walls and a diffused layer in the liquid, formed due 
the electrostatic interaction between the channel surface and uncharged liquid (e.g. aqueous solution) 
[13]. EOPs have some limitations: they are not self-priming and must be filled with electrolyte prior to 
operation, electrolysis produced bubbles may cause blockages and inconsistent flow rates, and the 
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adsorption of compounds from the liquid onto the surfaces of the pumping elements may affect the 
reliability and robustness [14].  However, EOPs offer significant advantages over conventional pumping 
systems in that they exclude the need for moving parts, simplicity in controlling the flow magnitude and 
directions, and ability to achieve high flow rates [15, 16].  Initially, the integration of EOPs was limited 
by the requirement of having the high voltage electrode in a terminal position to prevent electrokinetic 
effects throughout the fluidic system. Through customizing the surface chemistry, non-terminal EOPs 
were introduced by combining a + EOP and -EOP such that the flow from both pumping elements was 
in the same direction.  In this design, a central electrode for application of the potential is shared 
allowing for ground electrodes at either end [17]. Additionally, EOPs have been used in microfluidic 
systems due to their advantages of simple integration, compatibility with the micro technology [14] [18],  
capability to provide high pressure [19, 20], and a pulse free stable flow rate which is essential for 
reliable operation of microfluidic devices and flow injection systems [21].  
EOPs are typically fabricated using subtractive manufacturing techniques such micromachining [22] and 
laser ablation [18] which can be expensive, time consuming and offer limited opportunities for iterative 
design optimization. Electrodes are required for application of the driving potential, and their 
integration/incorporation further increases the complexity of the manufacturing process. For example, 
Brask et al. fabricated electrode chambers to allow integration of spiral Pt electrodes into the EOP which 
resulted in additional assembly parts. The final EOP system consisted of nine assembly layers and 
required careful alignment of all layers that were bonded thermally with the help of nuts and bolts, 
which is a time consuming and labor intensive process [18].  
The development of solid freeform fabrication techniques, in particular 3D-printing, has considerably 
enhanced the capability to fabricate structures with complex 3D geometries [23-25]. Its ability to convert 
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3D models to structures has the potential to quicken the innovation cycle [26-28] and 3D printing has 
been adopted in industry and research to produce design prototypes [29].  The widespread availability 
of 3D printers through print shops and their penetration into the consumer market has facilitated global 
sharing of designs, which allows for a rapid increase in the uptake of design innovations [30, 31]. 
Focusing on laboratory-based sciences, the most commonly used 3D printing technologies are 
stereolithography (SLA), inkjet and fused deposition modelling (FDM) [30, 32, 33].  The outstanding 
features of FDM are low cost and the capability to print a wide range of plastic materials including those 
used in traditional manufacturing [34].  For FDM printers, there is a wide range of thermoplastic 
materials including acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyamide, polystyrene, 
and polycarbonate to allow fabrication of structures with a wide range of colours and physical, chemical, 
mechanical, and optical properties.  Modern multi-material FDM printers allow printing with multiple 
materials, either by splicing filaments or using printers with multiple nozzles. Integrating materials with 
different properties (porosity, electrical conductivity, rigidity etc.) has allowed for the fabrication of 
functionally integrated devices in a single print [33, 35].  
Here we present, a novel one-piece non-terminal EOP, fabricated by multi-material FDM 3D printing. 
ABS material was chosen for the fabrication of the pump, polymeric materials though inherently do not 
contain ionic groups in the chain structure but are known to develop EOF under acidic or basic conditions 
due to the presence of impurities or additives and therefore providing a suitable material for the 
fabrication of EOP [36]. Asymmetry in surface area along the pump was realized by printing an infill mesh 
at one side to increase the surface area in-line with the applied field, leaving the other side as a single 
open channel. Ground electrodes at either side of the EOP will allow for easy integration of this pump 
with other fluidic functionalities, while the polarity and magnitude of the applied voltage provide control 
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over the direction of flow and the flow rate.  The performance of the proposed FDM printed EOPs was 
comparable to previously reported EOPs.  
4.3. Materials and methods 
Sodium tetraborate (Na2B4O7) was obtained from Sigma Aldrich (Missouri, USA).  Water was purified 
from deionized water using a Milli-Q water purification system from Millipore (Massachusetts, USA).  A 
FDM printer from PRUSA (Prague, Czech Republic) used in combination with conductive ABS from 
SainSmart (Kansas, USA) and transparent ABS from Matter Hackers (CA, USA) was used to print the EOP 
from the STL files using the printer’s proprietary software.  The computer aided design (CAD) of the EOP 
was developed in AutoCAD (Autodesk, California, USA).  The software package Labview (National 
Instruments, New South Wales, Australia) was used to control the power supply (Spellman High Voltage 
Electronics corp., New York, USA).   
The printed EOP was flushed with buffer (sodium tetraborate 0.1 mM, pH 9) before a voltage was applied 
and the current, flow rate and pressure determined.  Each reading was measured in triplicate and in 
order of increasing voltage. The flow rate within the channel was calculated by multiplying the cross-
sectional area of the channel with the velocity of the fluid and the current was a determined directly by 
Labview software. The pressure was determined by pumping the liquid in a vertical direction against 
gravity until it became stationary, the measured height allowed for calculation of the backpressure.   
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4.4. Results and discussion 
4.4.1 Electroosmotic Pump Design and General Considerations 
EOPs use a potential difference to generate fluid motion from a charged surface. In contrast with most 
EOPs presented in the literature, the proposed EOP has both fluidic connections of the pump grounded, 
and the potential applied to drive flow applied to a third electrode positioned centrally in the pump.  To 
prevent the cathodic and anodic flows from cancelling each other out, the EOP is asymmetrical in surface 
area, rather than surface charge. [16, 17, 19]  This is by having 1 mm I.D. channels on each side of the 
central live electrode, with an empty channel at one end and an 3D printed porous mesh at the other to 
provide a high surface area. Furthermore, previous studies have shown that an increase in the surface 
area by introducing high density multiple pumping channels allows the generation of high electric field 
across the pumping system at relatively low voltage [37]. The design and a photograph of the 3D printed 
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EOP are shown in Fig.4.1. The EOP is non-terminal and is based on a three electrode design (ground, 
voltage, ground) to decouple the electric field used to drive the flow from the rest of the system.  When 
a positive voltage is applied to the middle electrode, the EOF is directed towards middle electrode from 
the ground electrodes.  Owing to the higher surface area in the side with the 3D printed mesh, the EOF 
generated in the mesh is greater than the EOF generated in the 1 mm I.D. channel, allowing for a net 
flow to be produced by the pump. The EOPs design specifications are summarized in Table 4.1.   
4.4.2. Fabrication and Optimization of Mesh  
The key concept behind the presented EOP is the different surface area in the two pumping regions. In 
3D printing, infills are often used to reduce the amount of material inside an object, reducing the cost 




of the component in terms of material cost and printing time. In the context of this manuscript, infill 
meshes  were used to provide a simple approach to directionally increase the surface area and therefore 
flow rate, in comparison to previous efforts where surface area was increased by a complex and time 
consuming process of packing columns sodium silicate and non-porous silica particles in the capillary, 
baking it at a high temperature (350 oC) and then pasteurizing [37]. 
To evaluate the potential of the use of an infill mesh for increasing the surface area as required for the 
EOP, infill meshes were printed to evaluate the homogeneity and size of the mesh.  This was realized 
using the infill percentage, the parameter normally used to define the amount of the material inside the 
printed structure.  A 5 mm cube was printed with the infill increasing from 50-80% and the extrusion 
Table 4.1. Key specifics of the fabricated electroosmotic pump 
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width increasing from 150-250 µm.  The minimum extrusion width possible was 150 µm. The results are 
summarized in Fig.4.2, and as anticipated increasing the infill percentage decreases the void size. This is 
most easily visualized when looking down the column with an extrusion width of 250 µm.  Increasing 
the extrusion width results in larger voids being produced, as illustrated by the images with 50% infill.  A 
considerable variability in the consistency and repeatability of the printed porous structure was noted, 
with the least regular structures produced with a width of 150 µm.  Using a width of 250 µm, the smaller 
extrudate is achieved by moving the printer quicker and stretching the filament before it hardens when 
cooled. We believe that the irregularity seen in some of the structures (Fig.4.2 (f)) for example) is due to 
making this structure using in-fill alone, which has to adjust the extruded filament position to achieve 
the infill amount and thus the movement of the printing head is not always uniform in the X and Y 
dimensions.  This suggests that with a specifically designed 3D printer mesh with the thickness and 
spacing explicitly designed it may be possible to achieve smaller void sizes and is something that will be 
examined in the future. 
The smallest and most uniform structure obtained using the infill approach was observed at 70 % infill 
(Fig.2(k)) and extrusion width of 250 m, leaving 100 µm voids uniformly distributed throughout the 





Fig.4.2. Evaluation of various printing parameters for the fabrication of mesh. Fig. 2(a-d) has 150 
µm extrusion size and 50-80% infill size, Fig. 2(e-h) has 200 µm extrusion size and 50-80% infill 
size, Fig. 2(i-l) has 250 µm extrusion size and 50-80% infill size 
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4.4.3. Performance of the Pump 
When designing an EOP, the flow rate is directly proportional to the voltage applied, and thus a higher 
voltage provides higher flow rates and pressures.  However, the amount of electric current generated is 
one of limiting factors of these pumps, as the Joule heat, heat produced due to the passage of current 
through conductive ABS, can cause significant bubble generation and/or can damage the sample [38].  
Therefore, it is important to understand the operational voltage range of the pump.  To determine the 
operational voltage of the 3D printed EOP, the recorded electric current is visualized as a function of 
applied voltage when pumping 0.1 mM sodium tetraborate at pH 9.0 using the 3D printed EOP.  A linear 
increase in current from 15 µA – 68 µA was observed with an increase in voltage from 100 – 500 V.  
Voltages higher than 500 V were not examined because our aim was to develop a low voltage EOP as 
higher voltages require larger power supplies which reduces portability and ease of use. [39] The use of 
lower voltages (and hence lower currents) also results in lower bubble production due to electrolysis 
[40]. Additionally, to further reduce the bubble formation, conductive ABS material was selected as 
previous reports have shown that conductive polymers can be employed to avoid bubble formation e.g. 
Kumar et al used, polyaniline wrapped aminated graphene electrodes in combination with a silica frit to 
produce a long-lasting, non-gassing EOP [41]. Similarly, Bengtsson et al. 2014 used partially-oxidized 
poly(3,4-ethylenedioxythiophene) to minimize bubble formation due to the ability of this polymer to be 
oxidized or reduced when the voltage is applied, therefore minimizing the electrolysis of the 
water/buffer. Therefore, for this study composite of ABS with carbon fiber and carbon black was chosen 
as the electrode material due to the demonstrated ability of carbon based conductive materials to 
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undergo reversible redox reaction under the influence of applied voltage [42] hence mitigating the liquid 
electrolysis.  
In order to validate the design of the 3D printed EOP, the flow rate and direction of the fully integrated 
pump (pump C) was compared with the two pump halves, two electrodes and the single pumping 
channel (pump A), and the mesh and two electrodes (pump B).  Fig. 3 shows the results of the flow rates 
Fig.4.3. Graph of relationship between the flow rate and applied voltage (+ve).  sodium 
tetraborate (0.1 mM buffer) with pH 9 is used. A shows the flow rate at different voltages with 
single channel pump. B shows the flow rate at different voltages with mesh pump. C shows the 
flow rate at different voltages with three electrode single and mesh channel pump. D shows 
adding the flow rate of pump A and D at different voltages.  
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for the three pumps, as well as the theoretical flow rate (pump D) when pump A and B are combined 
arithmetically.  The figure shows a linear response in flow rate with voltage for all the fabricated EOPs 
with Pump A showing a 6-fold lower flow rate (0.1- 0.82 nL/sec) in comparison to pump B (0.6- 5.3 
nL/sec).  This increase in flow rate corresponds to the surface area as the surface area of the 3D printed 
mesh (714 mm2) is approximately six times higher than the single channel (132 mm2).  
The resulting flow in the integrated 3D pump (pump C) is from the vector sum of the flow from pumps 
A and B which are directly opposing each other.  The experimental flow rate range was 0.3- 4.9 nL/sec 
at voltages from 0.1 – 0.5 kV, which is approximately 16% less than the single mesh pump.  This flow 
rate was slightly higher than the theoretical flow rate (pump D) which we attribute to the additional 
heat generated from the combination of two pumps when compared to A and B operated separately.  
The flow rate for the integrated 3D printed pump is similar to previously reported values and should 
therefore be useful for similar applications [5, 38, 43]. It should be noted that using the same EOP 
configuration and applying a negative voltage to the central electrode, the pump did not operate 
correctly.  We believe that this is due to the liquid flow exiting both ends of the pump, leaving a slight 
vacuum in the pump which, with the electrolysis products, quickly filled with gas, disrupting the current 
and liquid flow and stopping liquid flow. 
To be practically useful, the EOP has to be able to generate a sufficient pressure to drive fluid through 
an appropriate system [5, 44-46]. To determine the backpressure of the non-terminal 3D printed EOP, 
the pump was positioned such that the net flow was in an upward direction, opposing gravity.  This way, 
the backpressure generated by the pump can be determined using the height at which the water 
becomes stationary.  At 0.1-0.5 kv applied voltage pressures between 11- 255 Pa was achieved, with 
higher voltages higher pressures can be achieved.   The pressure generated by 3D printed electroosmotic 
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pump is expected to be sufficient for microfluidic flow as demonstrated by previous reports on EOP for 
applications in microfluidics. For example, Du et al. fabricated a peristaltic micro pump driven by a 
rotating motor with magnetically attracted steel balls. The pump with one ball bearing of 4 mm achieved 
backpressures of 200 Pa, which was subsequently increased to 600 Pa by increasing to three ball 
bearings [47]. Similarly Xia et al fabricated an electroactive polymer based microfluidic pump with 
backpressure 350 Pa [48].  The back pressure of our pump could be increased by increasing voltage, 
however this was not examined as our focus was to demonstrate the capability of 3D printing to 
fabricate the complex EOP design consisting of asymmetric channels and integrated electrodes all in one 
piece to avoid the complicated fabrication procedure and the need for manual assembly of several parts. 
Further improvement in pressure require printing of smaller voids, which would result in a pump capable 
of generating a higher pressure.  We have also previously demonstrated the ability to print porous 
membranes inside a fluidic device which will be used to decouple the electroactive surface from the 
fluidic channel to eliminate the issue of gas generation inside the pump.  Together, we believe these 
improvements would provide a new possibility to create and design of fully 3D printed instrumentation. 
4.5. Conclusion 
Here we present a 3D printed multi-material non-terminal EOP using asymmetrical surface area to drive 
fluid flow. No other EOP is characterized in this unique mode of controlling flow on basis of surface area 
and fabricated in a single step by the combination of the two ground electrode. The novel design exploits 
the unique ability of 3D printing to define structures in 3 dimensions. Using a multi-material FDM printer, 
electrodes were seamlessly integrated with the fluidic structures in a single, automated manufacturing 
step.  The performance of the 3D printed EOP was found to be comparable to other pumps, although 
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improvements in print resolution are required to make pumps that operate pressures> 255 Pa.  Multi-
material 3D printing provides the opportunity to produce highly customized devices with integrated 
complementary functionalities. With the presented EOP providing a means for fluid transport, 3D 
printed instrumentation for chemical analysis has moved a step closer.   
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Robustness and repeatability of 3D printed 
instrumentation. 
Robustness and repeatability are very important factors for determining the accuracy of the 
results especially in fabrication the devices and instruments. Therefore, it is important to 
evaluate the reproducibility of the fabrication methods to ensure the repeatability and 
reliability of the newly developed devices and parts. 3D printing is seen as a feasible 
alternative manufacturing technique to produce consistent and reliable devices. Various 
studies have been taken to evaluate the repeatability; degree of agreement between 
dimensions of the printed objects, and accuracy; consistency between the dimensions of the 
printed parts and the dimensions intended for the designed mode i.e. STL file [1]. These 
studies carried on newly designed devices and models have demonstrated the ability of this 
technique to manufacture highly reproducible parts with remarkable accuracy and 
consistency [2]. For example, Prashanth and co-workers investigated the reproducibility 3D 
printing method for fabrication of the metallic parts using five different materials, three 
specimens manufactured using each material to evaluated the reproducibility of the 
fabrication process. Their results suggested highly reproducible objects can be printed given 
the properties of the material remain consistent [2]. Capel et al., fabricated highly 
reproducible fluidic devices using selective laser melting (SLM) printing technology, capable 
of manufacturing highly reproducible parts at a layer thickness as low as 20 µm [3].  
The accuracy of the printing method is highly dependent of the printer’s resolution. The 
resolutions of the commercially available 3D printers usually fall in the range of 0.05 to 0.30 
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mm, the print layer thickness i.e. the z-axis resolution of the printer. Furthermore, most of 
the printers offer the freedom to select z-axis resolution, for example 0.05-0.5 mm for FDM 
3D printers, allowing to print fine objects with high repeatability and accuracy by selecting 
0.05 mm layer thickness, in comparison to 0.5 mm which is usually used for quick printing of 
the larger sized objects. However, printing with low cost FDM printer is also susceptible to 
inaccuracies due to the underlaying printing process such as shrinkage/ and warping during 
the printing process. However, the success of a repeatable and accurate print is highly 
dependent on many factors such as material used, object design, chosen resolution, print 
orientation and printer calibration. Therefore, it is important to evaluate the repeatability and 
accuracy of the printing method for each given object before arriving to the conclusions.  
This chapter highlights the experiments performed for investigating repeatability and 
accuracy of the all the newly designed and 3D printed components presented in previous 
chapters including photometric detection assembly, flow cell, and electro-osmotic pump.  
3D printed detector housing described in chapter 2 provides a unique feature i.e. the self-
alignment of the capillary or tubing in to the V-shaped part consisting of the slit. Alignment of 
the capillary is critical to photometric detection, therefore, the repeatability of the self-
alignment feature of the detector assembly was evaluated for repeatability. The capillary 
(75 µm i.d.) was re-positioned and removed several times and the absorbance values were 
recorded for 0.125 mM solution of Orange G injected. Fig.5.1 shows the overlay of 
absorbance traces for 10 replicate measurements, with an RSD of 1.9 % for the absorbance 




As previously discussed, the printing orientation plays a critical role in the printing of a 
repeatable and accurate print particularly for objects with fine dimensions. Therefore, the 
ability of various printing orientations to produce fine features of the detection assembly i.e. 
hollow slit with smallest possible printable dimension with high accuracy was evaluated. Fig. 
Fig.5.1. Absorbance vs time graph for 10 replicates of flow injection analysis of 15 µL 
Orange G (0.125mM) at 90 µL/min flow rate using 75 µm i.d capillary. 
Fig.5.1A and B Absorbance vs time graph for 10 replicates of flow injection analysis of 15 µL 






2.2 (Chapter 2, page 69) shows a comparison of various printing orientations and agreement 
between the designed and printed parameters for each orientation for the slit size ranging 
from 250-50 µm with a length of 1000 m. This experiment demonstrated that the minimum 
slit width (70 µm) could be printed when the slit length was parallel to print 
orientation/direction.  
The repeatability and accuracy of the FDM 3D printer for the fabrication of photometric 
detector flow cell with integrated channel and slit described in chapter 3 was also 
investigated. For this purpose, four cells with path lengths ranging from ranging from 7.5-15 
mm, were printed three times (n=3) and the length of the channel was observed under the 
microscope with the help of the coloured dye that was used to fill the channel length, please 
see figure 5.3. Furthermore, a comparison between designed and 3D printed path length and 
agreement in the printed objects in terms of % RSD is also provided in TabSle.S3.1. (Chapter 
3, page 99). These experiments showed a good agreement between the design and printed 
pathlengths, with the average path length being ~ 99% of the design length. The repeatability 
of each design was also acceptable, with an error of % RSD ranging from 0.06 to 0.27 %.  These 
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results demonstrate the excellent repeatability of the 3D printed flow cells and a close 
agreement of the designed parameters with the printed parts for our device.  
In chapter four non-terminal electroosmotic pump made by multi-material 3d printing was 
fabricated.  The key concept behind the presented EOP is the different surface area in the two 
pumping regions. This was achieved by using the infill parameter, used to reduce the amount 
of material inside an object, of the 3D printing process. The ability of FDM 3D printer to 
fabricate the smallest channel size mesh with homogeneity was evaluated. A 5 mm cube was 
printed with the infill increasing from 50-80% and the extrusion width increasing from 150-
Fig. 5.3 Photographic images of the 3D printed pathlength, designed pathlength= 




250 µm.  The minimum extrusion width possible was 150 µm. The results are summarized in 
Fig.4.2 (Chapter 4, page 113), and as anticipated increasing the infill percentage decreases 
the void size. This is most easily visualized when looking down the column with an extrusion 
width of 250 µm.  Increasing the extrusion width results in larger voids being produced, as 
illustrated by the images with 50% infill.  A considerable variability in the consistency and 
repeatability of the printed porous structure was noted, with the least regular structures 
produced with a width of 150 µm.  Using a width of 250 µm, the smaller extrudate is achieved 
by moving the printer quicker and stretching the filament before it hardens when cooled. We 
believe that the irregularity seen in some of the structures (Fig. 4.2 (f)) for example) is due to 
making this structure using in-fill alone, which requires adjustment of the extruded filament 
position to achieve the infill amount and thus the movement of the printing head is not always 
uniform in the X and Y dimensions. The smallest and most uniform structure obtained using 
the infill approach was at 70 % infill (Fig.4.2(k)) and extrusion width of 250 m, leaving 100 
µm voids uniformly distributed throughout the structure, therefore, these settings were used 
for the fabrication of 3D printed EOP described in detail chapter 4 section 4.4.2.   
5.4. Conclusion 
The rapid progress of 3D printing technology and its wide applications in all areas 
of research shows its ability to create prototypes with great accuracy and 
repeatability. Although present technologies allow 3D models to be produced with 
accuracy, the accuracy and repeatability is highly dependent on the design, 
dimensions of the object and the printer employed for fabrication. The present work 
investigated the accuracy and repeatability of a low cost FDM printer for the 
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fabrication of analytical devices including flow cells and pumps for applications in 
microfluidics. Our results indicated that highly accurate and repeatable devices can 
be manufactured using a low cost FDM 3D thus showing a great potential of this 
technology to manufacture fully automated, miniaturised analytical systems for 
microfluidics. 
5.6. References 
[1] E. George, P. Liacouras, F.J. Rybicki, D. Mitsouras, Measuring and Establishing the Accuracy 
and Reproducibility of 3D Printed Medical Models, Radiographics : a review publication of the 
Radiological Society of North America, Inc 37 (2017) 1424-1450. 
[2] K.G. Prashanth, S. Scudino, R.P. Chatterjee, O.O. Salman, J. Eckert, Additive Manufacturing: 
Reproducibility of Metallic Parts, Technologies 5 (2017) 8. 
[3] A.J. Capel, A. Wright, M.J. Harding, G.W. Weaver, Y.Q. Li, R.A. Harris, S. Edmondson, R.D. 
Goodridge, S.D.R. Christie, 3D printed fluidics with embedded analytic functionality for 




Chapter 6 Discussion, Conclusions and Direction of the 
Future Work 
In this thesis, the potential of 3D printing to develop a fully automated integrated analytical 
instrument was investigated. This was achieved by manufacturing the main components of a 
simple analytical instrument, such as FIA, using low cost FDM 3D printer.  
Fused Deposition Modelling (FDM) benefits from a wide range of available materials, multiple 
nozzles FDM printers allow combination of different materials into a single object. However, 
the smallest dimension that can be printed using commercial low-cost FDM is limited by the 
low-resolution and surface roughness issues associated with these printers. In the first step, 
a highly customised photometric detection assembly with integrated slit was fabricated using 
a low-resolution FDM 3D printer. Various printing orientations were explored to push the low-
resolution limits of the FDM printer to fabricate the small size slit, as the performance of 
photometric detector is highly dependent on the slit. Investigation of various printing 
orientations showed that a slit as small as 70 µm can be fabricated when the printing 
orientation was parallel to slit, which is otherwise beyond printer’s printing ability. This 
photometric detection assembly was integrated with a commercial CE system to perform 
photometric detection of inorganic metal ions in river water samples. The performance of 
newly printed device was found to be comparable to the commercial CE interface.  
In the next step, a photometric flow cell with integrated slit and channels was designed and 
validated to avoid positioning of external tubing/ capillaries as previously required for 3D 
printed photometric detection assembly. Integration of the microchannel, the detection 
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window and the slit in a single device eliminates the need for manual alignment of fluidic and 
optical components, and hence improves repeatability. Multi-material 3D printing allowed 
the printing of the detection window using transparent material simultaneously with the 
device body using opaque material. Design optimisation by varying the slit dimension and 
optical path-length was also achieved. The optimised design was evaluated by determining 
stray light, effective pathlength and the signal to noise ratio using orange G. The sensitivity 
was improved by 80% in the process of optimization and approximately 20 fold improved 
from the previously reported detection assembly using a blue 470 nm LED as a light source.  
Fluidic transport underpins most analytical systems. Electroosmotic pumps (EOPs) have been 
attractive for integration into portable instrumentation because of their instrumental 
simplicity, eliminating the need for moving parts. Previous reports on EOP rely on surface 
charge to control the flow direction and require external electrodes to apply the voltage. In 
this work, multi-material FDM 3D printing was used to fabricate a novel EOP design in which 
an asymmetrical increase in surface area was used to drive fluid flow. Meshing, parallel to 
flow, was used to dramatically increase in surface area at one side of the EOP, allowing the 
flow generated by the mesh to cancel out the flow generated in opposite direction. The flow 
rates generated by the two halves of the pump (high and low surface area) were determined 
individually, with the values confirming the hypothesis the net flow generated by the non-
terminal EOP based on surface area is the sum of the EOF generated in the low and high 
surface area regions. The performance of the 3D printed EOP batter was found to be 
comparable to traditional EOP, although improvements in resolution are required to make 
pumps that operate at a higher pressure.  
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The ability to produce highly customised devices with integrated different functionalities 
within a single piece that multi-material 3D printing provides may be a simple and quick way 
for on demand production of EOP that could easily be integrated with instrumentation used 
for chemical analysis.  
The future direction for this work will be to create an integrated 3D printed device including 
photometric flow cell, EOP and evaluate their performance as a simple analytical instrument. 
Furthermore, simultaneous printing of functional components of variable properties 
facilitates integration of various parts into a single object provides opportunities to minimise 
assembly parts and introduce automation. For example, the combination of pump, a mixing 
chamber, and the flow cell, will allow the creation of a simple fully integrated FIA instrument 
which could potentially be realised using the modern 5 nozzle FDM print
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